Objective. To determine if pattern recognition techniques applied to high-resolution manometry (HRM) spatiotemporal plots of the pharyngeal swallow can identify features of disordered swallowing reported on the Modified Barium Swallow Impairment Profile (MBSImP).
Introduction
Swallowing is a modifiable patterned response requiring complex organization and action. Disordered swallowing results from diverse etiologies and can carry significant morbidity and mortality. 1 Videofluoroscopy is a primary examination tool providing information on bolus transit, residue, and aspiration and is often used to guide assessment and therapy. 2 While videofluoroscopy is certainly valuable, examination requires radiation exposure and associated risk to patients. 3 Additionally, examination requires the patient be moved to the radiology suite and is a relatively poor predictor of aspiration pneumonia. 4, 5 Thus, it would be beneficial to develop an assessment that can provide information similar to that provided by videofluoroscopy but does not require radiation exposure and can also be performed easily at the bedside. 6 Such an assessment would also be amenable to serial measurements and evaluation of patient progress over time, as the exam could be performed quickly and accumulative radiation would not be a concern. Fiberoptic endoscopic evaluation of swallowing (FEES) meets these criteria and has been shown to be valuable in detecting secretions not visualized on videofluoroscopy 7 as well as silent aspiration 8 but does not provide quantitative information on the changes in pressure underlying bolus transit.
Swallowing is a pressure-driven process 9 ; accordingly, detailed measurement and analysis of the changes in pressure underlying bolus transit can provide valuable information on swallowing physiology. High-resolution manometry (HRM) uses a catheter that spans the length of the pharynx and provides spatial resolution of 1 cm. The large amount of information produced by HRM and the complexity of its spatiotemporal plots are ideally suited to analysis by pattern recognition. Pattern recognition techniques such as artificial neural networks (ANNs) are powerful mathematical models that use nonlinear statistical analysis to classify large data sets into groups. 10, 11 We previously applied ANNs to classify HRM data into normal and disordered swallows 12 as well as identify penetration and aspiration. 13 While application to identify clinically significant events currently assessed on videofluoroscopy such as aspiration is an important step in the development of HRM, videofluoroscopy can assess much more than aspiration status.
The Modified Barium Swallow Impairment Profile (MBSImP) represents an advance that could help standardize videofluoroscopic assessment. 2 It consists of 17 components describing the oral, pharyngeal, and esophageal phases of swallowing. The initial study demonstrated the potential of this tool to guide videofluoroscopic swallowing analysis in a reliable and repeatable fashion. Subsequent studies determined that the MBSImP protocol does not prolong radiation exposure 14 and that abnormal esophageal clearance is correlated with abnormal findings on esophageal manometry with impedance. 15 Simultaneous pharyngeal HRM and videofluoroscopy with MBSImP analysis has not been performed, and importantly, it has not been investigated whether HRM alone can be used to identify pharyngeal swallow abnormalities reported using the MBSImP.
We performed simultaneous videofluoroscopy with HRM on 30 subjects with dysphagia. Videofluoroscopic images were analyzed using the MBSImP, and HRM data were analyzed using a novel data extraction program. We hypothesized that pattern recognition using an ANN could be used to classify data into groups based on MBSImP components.
Materials and Methods Equipment
Videofluoroscopy was performed in the lateral plane at 30 frames per second (Axiom Sireskop SD, Siemens, Munich, Germany or OEC 9900, General Electric, Fairfield, Connecticut). Video was digitized and recorded onto a DVD1RW for offline analysis (DVO-1000MD, Sony, Park Ridge, New Jersey).
A solid-state high-resolution manometer with 36 sensors and outer diameter of 4 mm was used for manometry (ManoScan 360 High Resolution Manometry System, Sierra Scientific Instruments, Los Angeles, California). The catheter was covered with a protective sheath during testing (ManoShield, Sierra Scientific Instruments) and calibrated before each use according to manufacturer specifications. Data were collected at a sampling rate of 50 Hz (ManoScan Data Acquisition, Sierra Scientific Instruments).
Participants
Thirty subjects participated in this study with the approval of the University of Wisconsin-Madison Institutional Review Board. Subjects were comprised of 19 males and 11 females, with a mean age of 68.0 6 11.8 years (range, 40-87). Clinical descriptions are presented in Figure 1 .
Procedure A small amount of topical 2% viscous lidocaine hydrochloride was applied to the nasal passages and catheter to provide local anesthesia and ease catheter insertion. Participants were seated upright within the videofluoroscopic unit for the entire procedure. Boundaries for the videofluoroscopic frame included the incisors anteriorly, cervical vertebrae posteriorly, nasal border of the soft palate superiorly, and cervical esophagus inferiorly. Correct catheter placement was verified on videofluoroscopy. Once the catheter was in place, participants rested for 5 to 10 minutes to adjust to the catheter before performing experimental swallows.
Participants swallowed between 2 and 30 total boluses of 5 ml, 10 ml, and self-selected amounts of thin-liquid, nectar-thick liquid, honey-thick liquid, or pudding barium sulfate (Varibar, E-Z-EM, Lake Success, New York) based on their ability to safely tolerate those consistencies, as judged by a certified speech-language pathologist. All swallows were performed with the head in a neutral position. Premeasured boluses were given via syringe and selfselected sips were taken via straw. A straw was used for self-selected sip trials, as it was difficult to drink from a cup without a straw while the catheter was in place. Participants were instructed to hold the bolus in the mouth until cued to swallow by the experimenter.
Data Analysis
Videofluoroscopic swallowing data were scored on an adapted version of the MBSImP. 2 Eight components ( Table 1) were chosen for this study based on their potential to relate to changes in pressure measured by pharyngeal HRM. Each swallow was also scored using the Penetration-Aspiration Scale 16 (1 = no airway invasion, 2-5 = penetration, 6-8 = aspiration). Each swallow was rated separately by 2 trained undergraduate research assistants. Disagreements in scores were resolved by a third rater (CAJ), a licensed and certified speech-language pathologist who has completed MBSImP training (Northern Speech Services, Gaylord, Michigan) and also trained the 2 research assistants on videofluoroscopy analysis.
Data were extracted using a customized MATLAB program (The MathWorks, Inc, Natick, Massachusetts). Five regions of interest are identified for each swallow, 3 of which are identified by the user and 2 of which are identified automatically. The 5 regions are the velopharynx, mesopharynx, upper esophageal sphincter (UES), pre-opening UES pressure peak, and postclosure UES pressure peak. Regions are defined manometrically and described in detail in McCulloch et al. 17 The user selects regions roughly corresponding to the velopharynx, pre-UES opening pressure peak, and postclosure UES pressure peak. Local pressure extrema in the surrounding area are then identified by the program. A box encompassing the region of interest based on predetermined temporal and spatial constraints is generated and can be altered by the user if necessary. The mesopharynx and UES are identified automatically by the program based on previous manual region selections. A sample of the user interface is provided in Figure 2 .
The box corresponding to the velopharynx has a duration of 1 second (shorter duration of actual pressure activity does not adversely affect measurements). The mesopharynx consists of all sensors between the velopharynx and postclosure UES pressure peak and is identified automatically following user identification of those 2 regions. Duration of pressure events in the mesopharynx is automatically determined by the program using a 2-second test window and a 2-second background window. The mean and standard deviation of the background noise are calculated in the background window and the mesopharynx is defined as the area with pressure higher than background. The starting and ending time are the first and last points with pressure above baseline. The pre-opening UES pressure peak is identified by the user and represents the maximum pressure occurring in the UES prior to relaxation. This region spans 3 sensors with duration of 0.5 seconds. The postclosure UES pressure peak is the last user-identified region and represents the maximum UES pressure during closure; the spatial boundary is variable depending on the trial and subject pharynx length and extends from the point of maximum pressure (selected by user) to the inferior boundary of the preopening UES pressure peak region. It has a duration of 1 second. The last region is the UES during relaxation, with temporal constraints of the pre-opening and postclosure pressure peaks and spatial constraints of the superior-most UES-related sensor and the pre-opening UES pressure peak. This region is identified automatically.
Several parameters are calculated for each region. Maximum pressure, rise time, rise rate, fall time, and duration of pressure above baseline are calculated for the velopharynx and mesopharynx. For the pre-opening and postclosure UES pressure peak regions, maximum pressure is calculated; for the UES, minimum pressure, activity time (duration between pre-opening and postclosure peaks), and nadir pressure duration (bolus passage time) are calculated. Total swallow duration is calculated and defined as the time lapse between onset of velopharyngeal pressure and the postswallow UES pressure peak. For all 5 regions, 2-(total pressure generated in region of 1 sensor corresponding to maximum pressure in that region) and 3-dimensional Anterior hyoid excursion 0-2 10
Epiglottic movement 0-2 12
Pharyngeal stripping wave 0-2 14
Pharyngoesophageal segment closing 0-3 15
Tongue base retraction 0-4 16 Pharyngeal residue 0-4 integrals (defined as the total pressure generated in the entire area spanning all sensors) are also calculated.
Data Processing
Artificial neural network analysis using MATLAB and the Neural Network Toolbox (The MathWorks, Inc) was performed to determine if HRM data alone could be used to identify the abnormalities identified using the MBSImP. In total, 335 swallows from 30 subjects were analyzed. By attaching the classification status of a swallow (ie, if that swallow exhibits a given abnormality) to the corresponding data, machine learning techniques can be applied to model the relationship between the manometric variables and swallow status. Known swallows (both classification and data are provided) are presented during a training stage and unknown swallows (only data are provided) are presented during a testing stage. Training and testing data are kept separate to increase generalizability of the classification algorithm.
Data were randomly partitioned into a training set (60%), a testing set (20%), and a validation set (20%). A Multi-Layer Perceptron ANN was created using sigmoidal activation functions in 1 hidden layer, with number of hidden nodes varied from 10 to half of the total number of samples included to achieve optimal performance. Twenty replicates were performed at each number of hidden nodes to determine classification accuracy and reliability.
Twelve classifications were performed ( Table 2) . Each classification analysis included equal numbers of samples in each group (normal and disordered). For the class that had more samples in the entire data set, the samples included in each analysis were varied so that all were included at some point, but each classification was performed with balanced groups. This ensures that the probability of accurately classifying samples by chance is always 50%.
Statistical Analysis. Category-specific (ie, normal or disordered) as well as total classification accuracy for each scheme were determined. Receiver operating characteristic (ROC) analysis was performed to yield ROC curves and area under the curve (AUC) for each category.
Results
A summary of the data used as inputs to the ANN is presented in Appendix 1 (available at www.otojournal.org). Total classification accuracy for individual MBSImP parameters ranged from 86.5% 6 6.2% for pharyngeal swallow initiation to 94.0% 6 2.4% for anterior hyoid excursion ( Table 3) . ROC analysis yielded AUC values ranging from 0.902 for pharyngeal swallow initiation to 0.981 for anterior hyoid excursion and pharyngeal residue (Table 3, Figure 3 ).
Classifications using a subset of the data set and incorporating 2 MBSImP parameters yielded classification accuracies of 91.6% 6 8.4% (AUC = 0.963) when evaluating tongue base retraction in the presence of abnormal PES opening, 92.6% 6 4.2% (AUC = 0.971) when evaluating PES opening in the presence of abnormal hyoid excursion, and 95.2% 6 1.7% (AUC = 0.989) when evaluating hyoid excursion in the presence of delayed pharyngeal swallow initiation (Table 3, Figure 4 ).
Discussion
Pattern recognition was applied to classify swallows from patients with dysphagia according to parameters in the MBSImP. The MBSImP was presented as a standardized method of analyzing videofluoroscopy, a valuable and frequently used assessment but one that can lack interrater reliability. 18 While videofluoroscopy utility is not disputed, it exposes subjects to radiation and is not ideally suited to serial measurements tracking patient progress over time. An HRM exam, however, is quick, does not require radiation exposure, and can be performed at the bedside. There is certainly potential for increased subject discomfort in the short term due to presence of the catheter, but this is preferable compared to long-term concerns of increased risk for malignancy. This is the first study using pharyngeal HRM to identify specific abnormalities visible on videofluoroscopy beyond penetration or aspiration. Differences in classification accuracy were somewhat predictable across parameters. Parameters that do not have an obvious manometric correlate, such as pharyngeal swallow initiation and penetration-aspiration, had the lowest scores. Notably, these parameters were still classified with greater than 80% accuracy and had AUC values greater than 0.9. These results demonstrate the value of multiparameter assessment combined with ANN-based pattern recognition. Provided there are many parameters and a large pool of samples, one can employ machine learning techniques to recognize and classify a wide variety of phenomena. As shown in Appendix 1, numerous parameters can be extracted from HRM spatiotemporal plots. Manual interpretation of all these data would be challenging in a research setting, let alone a clinical setting. Classification using pattern recognition, though, can be done in seconds and represents a more feasible method of analyzing the large amounts of data produced by HRM.
Events with direct manometric links displayed predictably high classification rates and AUC values. Abnormalities in PES opening are well suited to examination with manometry, 19, 20 and normal opening is easily identified on the HRM spatiotemporal plot as a decrease in pressure at the UES to or below atmospheric pressure. Accordingly, this parameter was classified correctly nearly 93% of the time and had an AUC value of 0.945. Additionally, the pharyngeal stripping wave can be identified as a traveling pressure wave on the HRM plot. This parameter was classified correctly at a rate of 94.0% with an AUC value of 0.971.
While the results of this investigation are encouraging, additional studies are warranted to further assess the value of HRM in identifying clinically relevant swallow abnormalities that are currently evaluated using videofluoroscopy. Importantly, we reduced all parameters to a binary classification scheme (ie, normal or disordered; Table 2 ). While this scheme is suitable for identifying persons exhibiting a given abnormality, it does not yield insight into the severity of that finding. Machine learning techniques tend to produce better results when provided with more examples from each class of interest. Further subdividing our sample of 335 swallows according to severity would have led to rather small sizes for each group, which would likely lead to lower classification rates. As more data are collected and classification algorithms are refined, more precise severity-based classifications will be feasible. Secondly, the classification accuracy of 84.2% observed for penetration-aspiration was based on a binary classification scheme (normal vs penetration 1 aspiration) and was lower than our previously reported value of 89.4% obtained using a ternary scheme (normal vs penetration vs aspiration). 13 This disparity may be due to the absence of impedance measurement, which is useful for detecting bolus residue. 6 Future studies using combined HRM-impedance to identify abnormalities observed on videofluoroscopy may produce even stronger correlations than those observed here. Lastly, only a subset of the MBSImP components was evaluated. While the data collection protocol used in this study would not allow for measurement of oral or esophageal pressure, it could be modified to do so. This will be a focus of additional experiments.
In addition to identifying single MBSImP parameters, we performed 3 classifications driven by clinical scenarios. The first classified subjects according to anterior hyoid excursion given the presence of delayed pharyngeal swallow initiation. Martin-Harris et al performed a videofluoroscopic study of normal subjects across a wide age range and found that entry of the bolus into the pharynx prior to hyoid movement alone was not sufficient to cause a swallowing abnormality. 21 If normal hyoid excursion is preserved, it may allow for normal UES opening and consequent bolus passage without risk of penetration or aspiration. This analysis produced a classification accuracy of 92.6%; such a method could be used to determine if patients with a delayed swallow are at risk for dysphagia or if it is merely a normal variant.
The second scenario evaluated base of tongue retraction given the presence of abnormal PES opening. The tongue plays a critical role in bolus propulsion, 22 and tongue strengthening exercises can be of benefit in improving swallowing function; 23 however, UES function and tongue strength must be considered before recommending exercise to a patient. When bolus transit is impaired, strengthening exercises may be less helpful for those in whom the primary problem is increased resistance at the bolus head (ie, inability to relax the cricopharyngeus) rather than decreased propulsive force at the bolus tail. In this group, botulinum toxin injection 24 or cricopharyngeal myotomy 25 may produce a better outcome. Our analysis yielded a classification accuracy of 91.6%, indicating the potential of HRM to separate these 2 groups.
Lastly, we evaluated PES opening given abnormal hyoid excursion to determine if decreased hyoid excursion impaired PES opening and is thus the likely etiology of dysphagia or if PES opening is preserved. For patients with impaired PES opening, exercises such as the Shaker exercise 26 could alleviate the swallowing problem. In patients with preserved PES opening, exercises may be less helpful. The importance of hyoid excursion in UES opening is well documented, 27, 28 and impaired hyoid excursion can lead to aspiration. 29, 30 However, additional factors such as cricopharyngeal tonicity and UES compliance are also relevant. Interestingly, of the 213 swallows in our data set exhibiting disordered hyoid excursion, 135 had normal PES opening. A total classification accuracy of 92.6% was achieved in this scheme, demonstrating the ability to stratify this group of subjects.
As additional data are incorporated into the machine learning process, classification accuracy can be expected to increase. While values reported in this study were fairly high, none achieved 100% agreement with videofluoroscopy. Modifications to both data collection and analysis to incorporate more structures and variables in the analysis will be explored, with the ultimate goal of creating a data analysis platform that can be used by clinicians to identify swallow impairments with the same accuracy as videofluoroscopy. 
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